Both very low and very high levels of regular physical activity have been associated with degraded sleep quality. Cross-national variations in habitual physical activity levels, therefore, may contribute to cross-national differences in insomnia prevalence. The present study assesses and compares the extent to which weekly durations of moderate-intensity physical activity contribute to insomnia risk.
. Typically, however, studies to date have focused either exclusively on leisure activities and/ or report only dichotomized (higher versus lower) activity levels. It remains unclear just how much activity (whether occupational, leisure, or routine activities of daily living) is sufficient to offset sleep risk. In controlled trials with those reporting insomnia symptoms, for example, significant improvements in sleep quality have been achieved from programmes requiring 100 min per week (Reid et al., 2010) to 150 min per week (Passos et al., 2011 ) of aerobic activity, or 210 min per week of moderate-intensity endurance exercise (King, Oman, Brassington, Bliwise, & Haskell, 2008) . Hartescu, Morgan, and Stevinson (2015) have also shown that relatively modest levels of activity maintained at or above the World Health Organization (WHO, 2010) recommended minimum threshold (150 min per week of moderate-intensity activity) can significantly mitigate symptom severity among sedentary people with insomnia. Whether levels of activity below this threshold confer protective benefits is unknown.
Evidence from both epidemiological and experimental studies also indicates that the relationship between activity levels and improved wellbeing and sleep quality is complex. Among predominantly middle-class college graduates in the USA, Galper, Trivedi, Barlow, Dunn, and Kampert (2006) report a significant dose-response relationship between higher levels of self-reported activity and improved psychological wellbeing. However, survey findings from random samples in 28 European countries showed that while regular moderate-intensity activity (above WHO guidelines) was associated with improved subjective wellbeing, regular vigorous-intensity activity was associated with significantly degraded wellbeing (Wicker & Frick, 2015) . Consistent with this latter finding, a systematic review of the sleep-sport literature (Gupta, Morgan, & Gilchrist, 2017) concluded that the prevalence of insomnia symptoms was consistently elevated for elite athletes across a range of sports.
Given this literature, there would seem to be clear methodological benefits, when evaluating activity-insomnia relationships, in using a range of activity categories that capture (and isolate) both the very inactive and the very active.
Despite the potential benefits for general health of increased moderate activity levels (Lee et al., 2012) , the prevalence of "insufficient physical activity" (i.e. activity falling below the WHO 150 min per week threshold) continues to rise internationally, though showing considerable cross-national variability (WHO, 2010) . Cross-national levels of insomnia symptoms also show considerable variations. In a 10-country survey, Soldatos, Allaert, Ohta, and Dikeos (2005) , for example, reported an overall point-prevalence rate for insomnia (meeting DSM-IV criteria) of 12%, with country-specific rates ranging from 5% (Germany) to 32% (Brazil). Similarly, Stranges, Tigbe, Gomez-Olive, Thorogood, and Kandala (2012) , in a study of eight low-income countries, report an overall prevalence of insomnia symptoms of 16.6%, but country-specific rates ranging from 3.9% (Purworejo, Indonesia) to over 40.0% (Matlab, Bangladesh).
While cross-national variations in sleep experience may reflect cultural perceptions and beliefs, they may also reflect underlying variations in those factors already identified as sleep quality risks.
However, this possibility is under-explored; few studies have simultaneously collected and compared cross-national data on sleep quality and lifestyle factors. The explicit aim of the present study was to assess relationships between physical activity levels and sleep quality using a range of activity categories defined with reference to WHO (2010) guidelines, and analysed in the context of demographic and health variables known to influence insomnia risk. The 5-Nation Sleep Survey was designed to simultaneously collect data in five countries on four continents. In sampling countries the aim was to recruit participants in both developed and emerging economies, and from Northern and Southern hemispheres, in order to provide geographic and socio-demographic diversity. Analyses addressed three research questions, as follows.
1.
In unadjusted analyses, is insomnia risk significantly associated with the reported daily/weekly duration of (at least) moderate-intensity physical activity? 2. Is insomnia risk significantly associated with the weekly duration of (at least) moderate-intensity physical activity when appropriate confounders are controlled?
3. If present in adjusted models, is the relationship between weekly physical activity and insomnia risk influenced by the participants' country of origin?
All research questions adopted the same null hypothesis: levels of moderate-intensity physical activity are not significantly related to insomnia risk.
| MATERIALS AND METHODS

| Study design and participants
The online questionnaire contained 48 items covering aspects of demographic status, health, sleep behaviour, sleep quality and lifestyle. All questions were first written in English, before being translated into Chinese (simplified) and Korean (Hangul). The English and Korean versions were mounted on Survey Monkey; the Chinese version was mounted on a commercial cloud-based system through eqxiu.com. The completed questionnaires were then distributed to the target countries (South Africa, Australia, China, South Korea and the UK) through a single agent specializing in digital public relations campaigns (Prohibition PR, Leeds, UK; https://prohibitionpr.co.uk/).
Within each target country, partner agencies distributed links to the questionnaire through social media and websites. The questionnaire was opened on 15 July 2016 and closed on 31 August 2016. In all countries, the survey aims were explained in an opening header requiring active consent (a check-box) before proceeding. Response formats offered a narrow range of days (<1; 1-2; 3-4; 5-6; and 7) and durations (10-20 min; 21-30 min; 31-60 min; 61-120-min; >120 min), respectively. From these items, weekly durations of at least moderate-intensity physical activity were estimated as the product of days and durations (using range mid-points from both measures). For example, a participant reporting 21-30 min of activity on 3-4 days per week would score (24.5 × 3.5) min per week.
| Measures
| Data analyses
Data collected in each country were sent to Loughborough University, where they were collated and analysed according to an agreed protocol. Estimated weekly durations of moderate-intensity physical activity were divided into categories above and below WHO international physical activity guidelines for health (≥ 150 min per week) as follows: <10 min per week; 10-75 min per week; 76-149 min per week; 150-300 min per week; and >300 min per week. Those reporting insomnia symptoms ≥3 times per week for the previous 3 months, adequate sleep opportunity, daytime consequences, and no concomitant mental or physical health problems were categorized as an insomnia "case." Prevalence estimates and descriptive statistics were then computed for the sample overall, and for each country separately. To address the study's first research question, the unadjusted association between insomnia prevalence and minutes spent in moderate-intensity physical activity per typical day and per week were assessed in contingency tables using χ 2 . Because international physical activity guidelines (WHO, 2010) are expressed as minutes per week, the remaining analyses focused on weekly activity levels. Three logistic regression models were then separately fitted to address research questions 2 and 3. Model 1, a partially adjusted model, included insomnia case/non-case as the dependent variable, and minutes per week spent in (at least) moderate-intensity physical activity, age and gender as covariates. In Model 2, subjectively rated health, sleep medication use in the previous 3 months, smoking status (smoker/non-smoker), alcohol consumption (< 21 or > 21 units per week), caffeinated drink consumption within 1 hr of going to bed (yes/no), educational level (high, medium or low), and employment status (formally employed/not formally employed)
were added to Model 1 covariates. Finally, in Model 3, country of residence was added to the Model 2 covariates. In addition to main effects, the following interaction terms were initially added to the models: physical activity level × gender to Models 1, 2 and 3; physical activity level × employment status to Models 2 and 3; and country × physical activity level, country × employment status, country × gender, and country × age to Model 3. All data were analysed using IBM SPSS 23. Statistical tests were two-tailed with alpha set at the p < 0.05 level.
| RESULTS
| Sample characteristics
A total of 9,238 participants completed the questionnaire; all were aged 18 years and over, and were drawn from five countries (and four continents): South Africa, Australia, China, South Korea and the UK. The geographic distribution and demographic characteristics of the sample are shown in Table 1 . The survey was mostly completed by people in formal employment (69.3%), and by women (75.9%). Of those not formally employed, most were retired (37%), full-time caregivers (35%) or students (10%). In each country, most participants were aged under 55 years, with the proportion of those 55+ years ranging from 32% (UK) to 1.4% (China). Overall, the sample was well educated, with only a small minority in each country reporting a maximum educational level lower than upper secondary.
Health profiles for each national sample are shown in Table 2 .
Levels of smoking and alcohol consumption (greater than 21 units per week) were generally low, though both behaviours were highest among men, and particularly high among males in China and South Korea. In each country, most participants (over 70%-80% in South Africa, Australia, China and the UK) rated their health as either "average" or "above average". These ratings were lowest in South Korea.
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| Sleep quality
Over 50% of participants in all countries rated their sleep quality as "Good" (Table 2) , with overall levels of positive sleep quality ratings ("Good" + "Very Good") ranging from 56.5% (UK women) to 77.2% (South Korean women). For both women and men in all countries, the average reported duration of sleep typically obtained was less than that needed to "… function effectively the next day" (Table 2) , with differences between these two values ranging from 0.2 hr (Australian and UK men) to 1.4 hr (South Korean men). Insomnia prevalence rates for South Africa, Australia and the UK fell within the range 10%-15%. For China and South Korea, however, insomnia prevalence was substantially lower (4.1% and 6.5%, respectively; Table 3 ). For the sample overall, there was a significant association between gender and sleep quality, with 13.0% of women and 6.5% of men meeting the survey criteria for insomnia ( 
| Physical activity
Prevalence rates of physical activity within each of the study categories are shown in Table 3 . For all countries, the modal category was 10-75 min of at least moderate-intensity physical activity per week, with levels of very low activity (< 10 continuous minutes per day) ranging from 6% (China) to 9.5% (South Korea). With data from all countries aggregated, there was a significant association between reported activity levels and gender, with a greater proportion of men in the higher categories, and a greater proportion of women in the The present study achieved its methodological aim of collecting sleep health and physical activity data in five countries over the same time period. Completion rates among those who opened the questionnaire was high (over 90%). Given that participant recruitment was effected almost exclusively through shared information on digital platforms, the demographic structure of the resulting convenience sample is consistent with research showing the greater use of online social networks by women (Kimbrough, Guadagno, Muscanell, & Dill, 2013) , and younger people (Vosner, Bobek, Kokol, & Krecic, 2016) . However, because the present analyses were designed to explore relationships among variables in models adjusted for age and gender, no attempt was made to weight the present samples back to national population norms. In the event, both insomnia prevalence (Table 3 ) and the contribution of demographic factors to insomnia risk (Table 4) are all in line with previous epidemiological findings. Overall, insomnia rates for South Africa, Australia and the UK reported here (10%-15%; Table 3 ) fall within the ranges reported in the reviews of Ohayon (2002) Table 3 ), while possibly influenced by sample structure, are consistent with those reported for South Korea by Ohayon and Hong (2002) , and the range of insomnia rates for China reviewed by Cao et al. (2017) . In addition to prevalence levels, the multivariate models (Table 4) consistently reflect the significantly increased insomnia risk associated with older age, female gender, lower self-rated health, and lower levels of education noted in (and expected from) previous reports (Ohayon, 2002) . We are confident, therefore, that the present sampling strategy appropriately identified symptomatic sub-samples reflecting the clinical dynamics characteristic of insomnia cases. T A B L E 3 Point prevalence of insomnia and levels of physical activity among survey participants in five countries Within this predominantly working-age sample, three outcomes show consistency across both countries and genders: the majority of participants in all countries expressed satisfaction with their typical sleep quality; the average sleep typically obtained each night was less than that considered necessary for effective daytime functioning; and most participants report physical activity levels below the WHO-recommended minimum threshold (150 min per week of moderate-intensity activity). Differences between subjectively "necessary" and "obtained" sleep durations need to be interpreted in context. While an apparent sleep "debt" may indicate a global pressure to prioritize waking behaviour over sleep, it may also be the case that this finding is influenced, to an unknown degree, by unrealistic expectations of "normal" sleep. South Korea, for example, showed the greatest difference between subjective sleep need and sleep obtained (1.1 hr). It is clear from Table 2 , however, that while "obtained" sleep durations were similar across countries, South Korean women and men reported both the highest average values for subjective sleep need and the highest levels of sleep satisfaction.
T A B L E 2 Health behaviours and subjective health among survey participants in five countries
The high prevalence rates of low physical activity reported for each participating country (Table 3) accord with what has been described as a "pandemic of physical inactivity" (Kohl et al., 2012) .
Nevertheless, the present findings indicate both positive and negative associations between activity levels and sleep quality. In the unadjusted analyses (Figures 1 and 2 ), insomnia risk was highest for very low and very high levels of reported daily and weekly durations of (at least) moderate-intensity physical activity. In the logistic regression analyses, the lowest level of weekly activity remained a significant risk for insomnia after adjustment for age and gender in Model 1. However, after adjustment for a range of confounders, Model 2 showed no significant risk for the lowest levels of activity, but did show significant risk for the highest level of activity. A reasonable interpretation of these findings is that the lowest levels of physical activity in Model 1 served as a proxy for health status and other contextual variables; hence, the control of these variables in Model 2 rendered the low-activity-insomnia relationship non-significant for this sample. Of interest, however, is that in the fully controlled model, the highest level of physical activity (> 300 min per week) emerged as a risk for insomnia (OR = 1.30; 95% CI = 1.03-2.51; p < 0.05). That the overall pattern of insomnia risk associated with activity, health and demographic variables was not substantially changed by the addition of the "country of origin" variable (Model 3) strongly suggests that these findings are internationally robust. Similar to other epidemiological studies (Galper et al, 2006;  who classified 12.5% of their participants as "highly active"), only a minority of individuals in the present study (12.2%; Table 3) reported the highest levels of physical activity (> 300 min per week).
Two broad conclusions can be drawn from the present findings.
First, alongside those variables more usually associated with insomnia symptoms, physical activity remains an important consideration when assessing insomnia risk. Second, at levels consistent with cardiovascular and metabolic benefits (i.e. >300 min per week in the present study), regular physical activity may, under some circumstances, be associated with an increased risk of insomnia. While the evidence supporting this latter point clearly aligns with Wicker and Frick's (2015) finding of degraded subjective wellbeing among those reporting higher levels and intensities of regular activity, such findings should be interpreted with considerable caution. A limitation of the present study is that it did not explore (and could not control for) the nature of the regular activities reported by participants. The online questionnaire audited relevant activities, whether occupational or recreational, or reflecting preference or obligation. A plausible explanation for the current findings, therefore, is that in this predominantly younger working-age sample, some drivers of higher activity also served to degrade sleep quality. For example, longer working hours (Alfonso, Fonseca, & Pires, 2017) , demanding occupational labour (Smagula, Stone, Fabio, & Cauley, 2016) , protracted caregiving (McCurry, Song, & Martin, 2015) , parenting (Hagen, Mirer, Palta, & Peppard, 2013) , and competitive athletic training (Gupta and Morgan, 2017) can all be expected to elevate daytime activity levels, but have all been significantly linked to increased insomnia risk. This explanation has relevance both for the public-health implications of the present findings, and research methodology. Regarding public health, the present results do not allow a conclusion that higher levels of activity per se increase insomnia symptoms. And regarding methodology, future studies should recognize the importance of identifying the ecological context, as well as quantifying levels of regular physical activity. Finally, it should also be acknowledged that the present data collection method failed to discriminate between moderate and vigorous activity, adopting instead the catch-all "at least moderate-intensity" definition. This intentional strategy aimed to keep the questionnaire accessible and understandable, but necessarily sacrificed detail.
| CONCLUSION
Using DSM-5 criteria, the present study shows a consistent and interpretable pattern of insomnia prevalence and insomnia risk in five countries assessed within the same time-frame. While the more established health and demographic factors previously associated with insomnia risk appear active in all countries, the addition of regular physical activity adds explanatory power in multivariate models.
In particular, the present findings identify associations between both very high and very low levels of physical activity and sleep quality.
As the emphasis on global public-health benefits associated with regular physical activity increases, the need to include information on both levels and drivers of activity in epidemiological studies of sleep is reinforced by the present findings.
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